Introduction
efficiently deliver genes to nerve cells both in vitro and The recently developed ability to manipulate specific in vivo. [10] [11] [12] [13] In vivo administration of a recombinant adengene expression in individual brain cells opens new ovirus encoding ␤-galactosidase into the rat hippopossibilities for the basic studies of gene function in the campus and substantia nigra resulted in widespread central nervous system. Transgenic mice are currently the expression of lacZ gene in neuronal and non-neuronal most widely used system for in vivo analysis. However, cells. In culture, nearly 100% of the nerve cells exposed the level of expression of a transgene can differ greatly to the adenoviral vector expressed the transgene. 13, 14 We between different transgenic mice, where the position of tested this system of adenovirus-mediated transfer for a the transgene in the genome is random and its copy numgene which may be of value both for basic molecular ber is variable. 1 As an alternative to transgenesis, several studies and also for the development of new strategies new methods have been proposed for gene transduction, to treat neurological disorders. We used one of the two involving the use of either viral or nonviral agents. The GAD genes which encode the enzyme synthesizing ␥-development of virus-based strategies to elucidate or to aminobutyric acid (GABA). GABA is the major known correct cellular mechanisms is a growing field from inhibitory neurotransmitter in the vertebrate nervous syswhich have emerged new vectors. Retrovirus, adenotem and plays a key role in various brain functions and virus, adeno-associated virus and herpes virus are all diseases. 15 GABAergic function has been extensively valuable gene transfer vectors. 2 Other recently described documented for several brain pathologies (including epiviruses , such as lentivirus, also have particular transduclepsy, ischemia and Huntington's chorea) 16 and non-neuing activities. 3 However, the nondividing nature of neuronal diseases (for example insulin-dependent diabetes ronal cells in the central nervous system and the enormellitus). 17 mous complexity of their organization have limited the Epilepsy is believed to result from hyperexcitability of development of gene delivery to the brain. [4] [5] [6] [7] various neuronal networks and circuits. 18, 19 A GABA In spite of some limitations, including the development hypothesis of epilepsy has been documented for many years. For example, in addition to pharmacological evidence, a long-term increase of GAD mRNA in the hippo- mRNA in hippocampal granule cells after intrahippo-campal kainic acid administration in the rat was demonToxicity Toxic effects were apparent for the highest concentrations strated. 23 Thus, irrespective of the etiology of epilepsy, forced expression of GABA in the overly excited focus of adenoviral solutions. Thus, the relationship between the number of infected cells and the number of infection may have interesting functional effects and possibly modulate synaptic transmission and therefore prevent particles was difficult to assess. With the highest multiplicity of infection (MOI, p.f.u. per cell) a population of seizures. Although the two isoforms of the enzyme GAD67 and GAD65, encoded by two different genes, are GAD-like immunoreactive primary astrocytes and particularly C6B4 cells manifested some signs of severe cell present in the brain, 24 we focused on the holoenzyme GAD67 which is considered as the active form when damage including detachment from the surface of the dishes, flotation of cells and subsequent death, thus lowlinked to pyridoxal phosphate.
In this report, we validated a nonreplicating recombiering the total number of surviving GAD-expressing cells into the culture. A MOI around 100 p.f.u. per cell nant adenovirus expressing the GAD67 gene in cultured nerve cells, in organotypic slice cultures and in vivo in appeared to give an optimal compromise between infection rate and toxicity. Primary sympathetic neurons were various areas of the rat and mouse brain. The expression of the transgene was assessed quantitatively and qualitatconsiderably less vulnerable to the cytotoxic effect of the recombinant adenoviruses. Nearly 100% of the ganglionic ively by measurement of released GABA from infected cultured cell lines, primary sympathetic neurons and cells produced GAD for infections from 200 and up to 500 p.f.u. per cell. Astrocytes were less vulnerable to the astrocytes and by immunohistochemistry with in vitro and in vivo nerve cells.
toxic effects of ADV-RSV-GAD than C6B4 cells.
ADV-GAD67-mediated GABA production: functionality of
Results the transgene
To determine whether the exogenous immunoreactive enzyme was biologically active we estimated the funcAdenovirus-mediated GAD expression In a first series of experiments, we demonstrated that the tional expression of the transduced gene by measuring the amount of GABA released into the culture medium ADV-GAD67 construct was functional in vitro. Proteins in cellular extracts of infected 293 cells were analyzed by of the different cell types after infection. In uninfected C6B4 cells, primary astrocytes and symWestern blotting. Anti-GAD67 revealed a GAD67-like protein which migrated to the expected position. In simipathetic neurons, GABA production was very low (0.6 ± 0.2 nmol/ml/10 6 cells). This value was close to the deteclar extracts there was no protein recognized by antibodies against GAD65, and neither antibody recognized any tion threshold of the HPLC technique used. Following transfection of the exogenous GAD gene the production protein in cells infected with recombinant adenoviruses containing GAD antisense or ␤-galactosidase genes.
of GABA increased substantially in all the cell types tested. At MOI ranging from 50 to 100, GABA production Extracts from uninfected cells were not labeled by GAD67 or GAD65 antibodies, whereas both revealed two was similar between C6B4 and astrocytes (25 ± 4.2 nmol/ml/10 6 cells), and 40-fold higher than in uninbands in extracts from cerebellar tissue of normal rats.
The efficacy of gene transfer in cell cultures was estifected controls. The production of GABA by infected primary sympathetic neurons was about three times higher mated by immunohistochemistry. In control conditions, neither the cell line C6B4, nor primary astrocytes and than in uninfected cells independent of the MOI. However, due to the much lower number of cells in culture, sympathetic neurons expressed significant amounts of GAD67; labeling of the enzyme was very faint in uninthis difference should be interpreted with caution. The lack of correlation between GABA release and the numfected cells. Similarly no endogenous expression of GAD67 in astrocytes or sympathetic neurons was ber of MOI was due to the fact that a maximal release was already achieved in sympathetic neurons with the detected by Western blot analysis. Aliquots of the cultured cells were exposed to various amounts and lowest dose used. The increased GABA release by infected cells did not dilutions of the stock viral solution and tested for GAD67 immunoreactivity 48 h later ( Figure 1) . A large number result from nonspecific induction of GAD expression and/or of GABA production: cells infected with irrelof cells were immunostained for GAD67 following infection, and were easily distinguishable from the unstained evant recombinant adenoviral vectors, carrying the antisense GAD sequence or the ␤-galactosidase gene, did not cells. Staining was diffuse in both the cytoplasm and fiber extensions. However, in a number of C6B4 cells when produce more GABA than uninfected cells. At MOI of 66 to 200 p.f.u. per cell, GABA release was recombinant adenoviruses were inoculated at high concentration, the cytoplasm tended to retract, thus giving a proportional to the titer of the viral solution used for infecting the cultures. As shown in Figure 3 , the MOI corround shape to the cells and the appearance that GAD immunostaining was confined to the nuclei. Noninfected related with the release of GABA into the culture medium of astroglial cells. cells and cells infected with lacZ or GAD-antisense genes were all negative.
The percentage of infected cells correlated with the ADV-GAD67-mediated GAD expression in organotypic slices concentration of the viral solution added. In the range of 200 to 6.6 p.f.u. per cell the percentage of the infected Expression of the transferred GAD67 gene was also studied in organotypic hippocampal slices maintained in culcells varied from 99-60% to less than 25-1% according to the cell types ( Figure 2 ). The sympathetic neurons were ture. In untreated control slices from new-born rats the basal expression of GAD67 was weak ( Figure 4A ) and particularly sensitive to infection and GAD67 was produced by nearly 100% of the cells exposed to the the protein was mostly at axonal GABAergic endings of the CA3, CA4 pyramidal cell layers and in the dentate highest doses. gyrus. The pattern of GAD labeling was similar following first detected as early as 24 h after inoculation and lasted at least 15 days without inducing any visible cytotoxic infection of the slices with ADV-RSV-␤-gal.
After inoculation of ADV-RSV-GAD into the slices, effects. Cell death following viral inoculation was measured using fluorescent dye propidium iodide. As large amounts of the enzyme were produced, as shown by intense staining, mostly at the injection site. GAD was assessed on both morphological and anatomical criteria
Figure 4 Immunohistochemical detection of the GAD67 in organotypic hippocampal slices of new-born rats 7 days after exposure to the recombinant ADV-GAD adenovirus. Note the faint basal level of endogenous GAD in untreated slice (A), as compared with that after infection (B-D). A and B show the same area in the CA3 pyramidal cell layer. Both astroglial (C) and neuronal (D) cells produced large amounts of exogenous GAD67
. Bar, 20 m.
the infected hippocampal cells included both glial and number of GAD67-positive cells than obtained in organotypic slices. neuronal types ( Figure 4C and D, respectively) .
The morphology and position of the labeled cells in the different cell layers of the hippocampus suggested that ADV-GAD67-mediated GAD expression in vivo The GAD gene was also successfully transferred in vivo they were mostly glial cells rather than neurons. Dense staining of largely ramified extensions contrasted with in rat and mouse brain. According to preliminary experiments determining the optimal doses and volume for the endogenous staining of GAD67 which mostly delineated terminals and soma. These differences were more infection in these two animal species, various amounts of the adenoviral stock solution (3 × 10 7 p.f.u./l in mice noticeable in mice where GAD67 immunohistochemical staining was more intense than in rats and where GADand 3 × 10 5 p.f.u./l in rats) were stereotactically injected into the striatum or the dorsal hippocampal formation.
positive soma were clearly visible (arrows in Figure 5D ), contrasting with the pattern of staining of the infected The transgene was expressed in a few cells in a small volume around the injection site. In vivo inoculation of cells. The pattern persisted in both rats and mice for 2 weeks without major modifications. At high viral doses the recombinant adenovirus resulted in a much lower there were cytotoxic effects including significant cell loss, Then we demonstrated both the efficacy of transfection into nerve cells and the functional expression of the transmassive glial reaction and cellular infiltration.
gene. To our knowledge this study is the first reporting:
(1) a successful operational transfer of the GAD gene to Discussion various nerve cell types both in vitro and in vivo; and (2) high GABA production in infected cell cultures. Both In recent years there has been substantial work devoted infected astroglial cells and infected sympathetic neurons to the possibility of introducing foreign genes into nerve produced significantly more GABA than noninfected cells as a technique for studying the biochemical and cells, evidence that the transgene was functional. Recommolecular mechanisms underlying specific neuronal binant irrelevant adenoviral constructs did not alter the functions. In the brain, we recently demonstrated the level of GABA production and thus this was not a nonefficacy of adenovirus-mediated gene transfer both in specific effect induced by the virus. vitro and in vivo using vectors expressing the ␤-galactoTo our knowledge, there are few examples of GABA sidase gene. 13, 25 This vector has been used to transfer measurements in GAD-transfected cells in the literamammalian genes into the nervous system. A growing ture. [36] [37] [38] In these studies the GABA production as measnumber of research teams are currently investigating ured by reversed-phase HPLC was not as high as in our genes of potential clinical interest for use in this system. experiments. Possibly, the adenoviral transfection system However, a few genes have been successfully transis much more efficient than calcium phosphate precipifected into neuronal cells to date, most effort being centtation, electroporation or retroviral vector systems used ered on three areas. Trophic factors [26] [27] [28] to improve surpreviously, both in terms of percentage of infected cells vival of diseased neurons and prevent degeneration; gene and magnitude of transgene expression. products potentially beneficial in malignancies of the Analysis of organotypic slices in long-term culture is a CNS, such as interleukins, herpes simplex thymidine kinsimple and powerful method for circumventing certain ase, tumor suppressor gene p53, [29] [30] [31] [32] [33] and genes useful for limitations and constraints associated with in vivo gene a better understanding and/or treatment of particular transfer. 39 Expression of the GAD gene was much more diseases such as ␤-amyloid precursor protein gene for efficient in cultured hippocampal slices exposed to the Alzheimer disease and the tyrosine hydroxylase gene for virus than following direct in situ inoculation of the brain. Parkinson disease. 34, 35 A possible explanation for this result is that the cultures In this study, we addressed the enzyme synthesizing have no immune response to the adenovirus, unlike the the neurotransmitter belonging to the GABAergic system. situation in vivo .8,9 Another advantage of slices is that GAD67 was chosen instead of GAD65 because it is the they can be used to investigate the subregions of a strucactive (holoenzyme) form. We constructed a recombinant ture, for example CA1, which is difficult to inoculate replication-deficient adenoviral vector carrying the directly. GAD67 gene driven by the RSV promoter and showed that appropriate GAD67 protein was produced in vitro.
This ADV-GAD vector could be useful for the analysis of various animal models involving GABA inhibition. from the PIX sequence). The adenoviral DNA was then purified on a NaCl gradient and dialyzed. Successful delivery of long-lasting GAD gene expression into selected target cerebral structures may have significant functional consequences in neurological disorders Homologous recombination and transcomplementation: Two micrograms of ClaI-digested purified viral DNA was such as epilepsy, ischemia and Huntington and Alzheimer diseases. It may also affect behaviors. Epilepsy is cotransfected into 293 cells according to the protocol described by Chen and Okayama. 44 Homologous recomcurrently the best documented disorder for which transfecting the GAD gene into the brain may be beneficial. 16 bination between the DNA fragments results in the formation of a recombinant adenovirus genome of packEnhanced expression of GAD67 in the hippocampus may be associated with augmented GABAergic neuroageable size in which the transgene (RSV promoter upstream to the GAD67 sequences) replaces the native transmission with both self-protective and anticonvulsant properties. Alternatively, adenoviral vectors could be adenovirus early region E1. The adenovirus E1A gene product, required for expression of native adenoviral used in the construction of genetically engineered cells secreting GABA for transplantation. The feasibility of this genes, is supplied in trans from a copy of early region 1 integrated into the 293 cell genome. 45 Thus, in 293 cells, approach has been already described. 40 Both basic and applied research will benefit from new the recombinant adenovirus is efficiently replicated and packaged into infectious particles. Infectious virus was efficient vectors for delivering genes of analytical and/or therapeutic potential. The major current limitation for rescued by repeated plaque isolation as described.
46
Transgene integration within the new recombinant virus delivering transgenes into nerve cells using adenoviral vectors is cytotoxicity, despite the immune response in genome was verified by PCR. DNA of each selected virus was prepared by a modified Hirt procedure 47 and the the brain being weak. Adenoviruses are good tools, as they cause less damage than other available vectors.
structures of the recombinant adenoviruses deleted for E1A, E1B and E3 regions were confirmed by endonucleMoreover, a significant effort has been undertaken to improve the safety of these vectors and to develop a new ase restriction and Southern blotting. generation of vectors. 41 In the near future, basic research will undoubtedly benefit from industrial research into Preparation of purified viral stocks: Virus from a single plaque was expanded in 293 cells and purified twice on vectors applied to gene therapy. To analyze neuronal processes more precisely, specific promoters will be cesium chloride density gradients. The stock was then dialyzed against storage buffer and kept as aliquots at required. We are currently investigating cell-specific promoters for the nervous system to target expression of −70°C according to Graham and Prevec 46 with the modifications described by Bessereau et al. 48 Viruses were potentially therapeutic genes in the brain using new generation adenoviral vectors.
titrated by determining optical absorbance 49,50 assuming that 1 A 260 unit = 1 × 10 11 p.f.u./ml. Titers of viral stocks were: ADV-RSV-␤gal, 10
10
Materials and methods p.f.u./ml; ADV-RSV-GAD, 3 × 10 10 p.f.u./ml and ADV-RSV-antiGAD, 10 10 p.f.u./ml. Adenoviral constructs Cultures Plasmid constructions: pAdPsy GAD67 and pAdPsy-inv GAD67 (antisense) plasmids were derived from pAdPsyCell cultures: The glial cell strain C6B4 was obtained from polyA. pAdPsy-polyA contains the left Ad5 inverted tera rat glial tumor induced by N-nitrosomethylurea. This minal repeat, the encapsidation sequences, the LTR-RSV cell line was cultured in 24 wells at a density of 5 × 10 4 promoter separated from the SV40 early polyA and a 3.2 cells per well. Cells were maintained at 37°C under 5% kbp Ad5 fragment (nt 3328-6508) by a SalI site in which CO 2 and nearly 100% humidity in Dulbecco's modified the sequences of interest were inserted. pAdPsy-polyA Eagle's medium containing 10% fetal calf serum and 50 was generated from pLTR-RSV␤gal by excision of the units of penicillin and 50 ng of streptomycin per milliliter nlsLacZ sequence. 42 AdPsyGAD67 and AdPsy antiof medium. After 24 h in culture, 20 m cytosine arabino-GAD67 was generated by inserting an EcoRI/HindIII furanoside (Ara-C) was added to the culture medium to fragment of GAD67 43 in either orientation into the SalI prevent further cell proliferation. site of pAdPsy-polyA. The 2 kb fragment of GAD67 carPrimary astrocyte cultures were obtained from 1-dayries the coding sequence of GAD67, 118 bp upstream of old rat brain hippocampi. Briefly, tissue was pulled to the initiation site and 70 bp of the 3′ noncoding region.
pieces after removal, trypsinized for 15 min and gently pipetted to produce a single-cell suspension. The cells Recombinant adenoviruses: Recombinant adenoviruses were filtered through a 48 m nylon mesh and plated at were constructed by homologous recombination between a density of about 1 to 2 × 10 3 cells per mm 2 in DMEM pAdPsy GAD67 or pAdPsyanti-GAD67 and genomic containing 10% heat-inactivated fetal calf serum (plus 6% DNA of recombinant ADV-RSV-␤gal ( Figure 6 ). The glucose, penicillin/streptomycin, glutamine (0.3%), Narecombinant ADV-RSV-␤gal has been described prepyruvate (1 mm) and nonessential amino acids). The viously and was provided by M Perricaudet. 42 medium was replaced every 3-4 days. Once the cultures reached confluency (10 to 15 days), the cells were dislodged from the dish by adding trypsin (0.25%) solution, DNA fragment preparations: pADPsy plasmid DNAs were purified twice on cesium chloride gradients and linto select the astrocyte cell type and passaged at a 1:2 dilution. After glial cells had again reached confluency, earized with an appropriate restriction endonuclease. The adenoviral DNA fragment was prepared by digesting cellular proliferation was stopped by adding 10 m Ara-C and incubating for 2 additional days. Some of the cul-ADV-RSV-␤gal viral DNA with ClaI (three sites upstream tures served as controls and did not receive such a treatcose + 23 mm HEPES + 26 mm NaHCO 3 ), 25% horse serum, 25% (Hank's solution containing 6.5 g/l glucose) ment.
Primary neuron cultures were obtained from superior and 0.3% glutamine, 1 mm sodium pyruvate, nonessential amino acids and antibiotics (penicillin + cervical ganglions removed from 2-day-old Wistar rats, dissociated, plated on 16-mm collagen-coated dishes, and streptomycin) and was added to each well. The medium did not cover the membrane so that explants remained cultured as described. 51 Ara-C (10 m) was added during the first week of culture to prevent proliferation of exposed to the air. Cultures were maintained at 37°C under a humidified atmosphere of 5% CO 2 . The medium ganglionic non-neuronal cells.
The 293 cells were cultures for propagating the recomwas replenished every 2-3 days. binant adenoviruses. HEK293 is a human embryonic kidney cell line transformed by the E1 genes of Ad5. 45 These Adenoviral infections cells were maintained at 37°C in 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 10% fetal Cell cultures: Infections were performed using 2 to 500 p.f.u. per cell. Stock solutions (titer of 3 × 10 10 p.f.u./ml) calf serum.
of recombinant adenoviral vectors were diluted in PBS to various dilutions. Generally, half of the culture medium Hippocampal slice cultures: Cultures were prepared by a modification of the method described by Stoppini et al. 52 was removed, the viral dilution added, the sample incubated for 1 h and the medium made up to the original Hippocampi were removed from 8 day-old Wistar rats and cut into 350-400 m slices using a McIllwain tissue volume with fresh medium. Most analyses were performed 48 h after infection. chopper. In brief, slices were incubated in a chilled dissection medium (100% Gey GBSS + 20 mm HEPES + 10 mm MgCl 2 + 5 g/l glucose, pH 7.2) for 2 h at 4°C to elimSlice cultures: After 3 weeks in culture, 5 × 10 5 p.f.u. (50 nl of the viral stock) was microinjected into selected inate toxins. They were then laid (three per well) on porous and translucent millicell-CM membranes regions of the slice using a micromanipulator connected to glass capillaries 30-50 m diameter at the tip. Cultures (Millipore, Strasbourg, France). One milliliter of culture medium consisted of 50% (MEM containing 6.5 g/l gluwere fixed 1, 3, 7 or 15 days after infection.
In vivo experiments: Wistar male rats weighing about Immunoblotting: Proteins from cell homogenates were separated by electrophoresis on a 10% polyacrylamide 220 g and Swiss female mice weighing 30-40 g were used. Under anesthesia with Equithesin (a mixture of chloral gel in 0.1% sodium dodecyl sulfate and electrophoretically transferred to nitrocellulose using standard protohydrate, magnesium sulphate and pentobarbitone sodium), 0.1 to 3 l of a viral stock solution at 10 10 cols. Bands corresponding to GAD67 and GAD65 were visualized after incubation with the respective antibodies p.f.u./ml was stereotactically administered from a 10 l Hamilton microsyringe (Polylabo, Strasbourg, France) or (GAD-6 and K2) and using diaminobenzidine as the substrate for horseradish peroxidase. glass micropipette into various brain areas according to the coordinates of the atlas of Albe-Fessard et al. 53 Animals were killed at various times following inoculation, Expression of ␤-galactosidase: The enzyme was revealed usually at 3, 6 or 30 days. Rats and mice were then perusing the X-gal (5-bromo-4-chloro-3-indolyl-␤-dfused with saline followed by a 4% paraformaldehyde galactoside) substrate. Samples were rinsed in PBS and solution. The brains were removed and post-fixed in the incubated in 5 mm K 3 Fe(CN) 6 , 5 mm K 4 Fe(CN) 6 , 2 mm same fixative for 1 day and then incubated in 30% sucrose MgCl 2 , and 1 mg/ml X-gal in PBS for 3 h at 37°C. for 2 days. Brains were frozen, cut into serial sections of 40 m, and washed in PBS. Selected sections were inves-
